A detailed analysis of the cooling and thermalization process for photogenerated carriers in semiconductor quantum wires is presented. The energy relaxation of the nonequilibrium carrier distribution is investigated for the "realistic" case of a rectangular multisubband quantum-wire structure. By means of a direct ensemble Monte Carlo simulation of both the carrier and the phonon dynamics, all the nonlinear phenomena relevant for the relaxation process, such as carrier-carrier interaction, hot-phonon effects, and degeneracy, are investigated. The results of these simulated experiments show a significant reduction of the carrier-relaxation process compared to the bulk case, which is mainly due to the reduced eKciency of carrier-carrier scattering; on the contrary, the role of hot-phonon effects and degeneracy seems to be not so different from that played in bulk semiconductors.
I. INTRODUCTION
The strong push toward lower dimensionality of semiconductor structures has been motivated by the hope that the interactions experienced by charge carriers could be reduced in such systems. This in turn would result in higher mobilities, and faster semiconductor devices. Such idealization is based on the fact that the phasespace available to carriers decreases with dimensionality, thus reducing the effectiveness of the scattering mechanisms.
Unfortunately, only semiconductor systems operating in the extreme quantum limit (low temperature, strong quantization) behave in this way.
However the phonon population out of equilibrium. In turn, the hot-phonon population can approach its equilibrium distribution either decaying into large wave-vector acoustic phonons or being reabsorbed by the carrier system. Since the typical anharmonic-decay time of optical phonons is much longer than the electron-phonon scattering time, hot-phonon reabsorption is the dominant process in the early stages after optical excitation. For relatively high carrier densities it is therefore necessary to study the joint evolution of the carrier and phonon distributions. In the high-density regime, two additional effects become important: degeneracy, which tends to reduce the carrier cooling rate when band-filling effects become relevant, and carrier-carrier scattering, which modifies the overall thermalization by spreading carriers over a large energy range and by exchanging energy and momentum between carriers in different bands. A11 these nonlinear phenomena are strictly interconnected, and they need to be considered together in order to understand the physical behavior of the system.
In quantum wires, hot-phonon degeneracy and screening effects could even be more important than in bulk sys-In this paper, we will present a theoretical analysis of the ultrafast relaxation of photoexcited carriers in rectangular quantum wires (QWR) . ' ' This is based on a Monte Carlo (MC) solution of a coupled set of Boltzmann transport equations, ' ' which results into a direct ensemble Monte Carlo (EMC) simulation of both the carrier and the phonon dynamics.
The paper is organized as follows: In Sec. II, the physical system and the theoretical approach are presented; in Sec. III, we will describe the Monte Carlo procedure for &he solution of the set of Boltzmann transport equations; In Sec. IV, the results of our Monte Carlo simulations are discussed; Finally, in Sec. V we will draw our conclusions.
II. PHYSICAL SYSTEM
The physical system we consider is a gas of photogenerated carriers confined in a quasi-one-dimensional semiconductor structure. The carriers interact with each other and with the various phonon modes of the semiconductor crystal. Such a system is described by a total Hamiltonian H which, as usual, can be decomposed in a part Ho which is treated "exactly, " and a part H&, which is treated within some approximation scheme. In particular, the term Ho will be the sum of the two Hamiltonian H, and H, describing the noninteracting carriers and the phonon system, respectively, while H, can be expressed as the sum of a term H2, describing the carrier-generation process induced by the external laser field, and the total scattering Hamiltonian H"describing the various interaction mechanisms,
i.e. , carrier-carrier, carrierphonon, and phonon-phonon interaction. Let us now discuss the structure of all these contributions for the case of a semiconductor QWR.
A. Free-carrier dynamics By "free carriers, " we refer to the gas of noninteracting carriers confined within the quasi-one-dimensional serniconductor structure. The quantum confinement, due to the different energy gap of the two semiconductor materials, e.g. , GaAs and Al Ga& "As, is usually described in terms of a confinement potential V', whose height is dictated by the valence-and conduction-band discontinuities.
As the energy region of interest is relatively close to the QWR band gap, we are allowed to describe the bulk band structure in terms of the usual effective-mass approxirnation. In addition, since the confinement potential V' is a slowly varying function on the scale of the lattice periodicity, we are allowed to work within the so-called "envelope-function approximation, " i.e. , the total wave function is given by the usual Bloch functions U multiplied by a slowly varying part P, called envelope function.
By denoting with x the QWR free direction, the confinement potential V' will be a function of the two confinement directions y and z only, i.e. , the system is still translationally invariant (with the crystal periodicity) along the QWR direction. As a consequence, the x component of the carrier wave vector k is still a "good" quantum number and the carrier wave function can be factorized in terms of a plane wave P(x) along the free direction times an envelope function P(y, z) over the normal plane.
As a result, the carriers within our QWR structure are described by the two-dimensional (2D) Schrodinger equation: From the above considerations, we see that solving the problem for such a QWR structure reduces to solving that of two QW structures, i.e. , in order to obtain the envelope functions P; and the corresponding energy levels 6;, for each of the two confinement directions, we need to solve the corresponding Schrodinger problems. The solutions corresponding to the square-well potential profiles V~a nd V' given in Eqs. (5) and (6) are shown in Fig. 1 together with the contour plot of the two-dimensional wave function P;(y, z) and a schematic representation of the ten energy levels confined in the wire.
We stress, however, that in general the above factorization along the two confinement directions is not possible. This is true not only for wires with complex profilessuch as, e.g. , V-shaped wires' -, but also for QWR with simple shapes, as the case of a rectangular GaAs QWR fully embedded in Al Ga& As. In such a structure, the confinement potential V' can be taken to be zero within the QWR and equal to a constant value Vo outside. This potential cannot be expressed as V' in Eq. (4). Nevertheless, also in this case such factorization has been used as an approximation to the exact solution; in general, this is quite good for the lowest-energy levels in "wide" QWR structures, but it becomes very questionable for the energy levels close to the top of the potential barrier.
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where, in order to simplify the notation, we have dropped the index x (we will keep this notation in all parts concerning the CC interaction), while the a"'s are the formfactor coefticients for carrier-carrier interaction:
Here, e and c, , denote the electron charge and the static dielectric constant, respectively. As usual, the second quantization picture allows a direct physical interpretation of Eq. (12) determining the lattice dynamics in highly excited systems, as they are responsible for the decay of optical phonons into phonons of lower frequency. In our picture, these nonharmonic contributions can be described in terms of a phonon-phonon interaction which induces, in general, transitions between free-phonon states. We will not discuss in this paper the explicit form of the phonon-phonon Hamiltonian responsible for such decay.
However, as we will discuss in Sec. II D, this effect is introduced in our kinetic description in terms of a relaxation-time approximation, i.e. , through a phenomenological decay time of our phonon population. This approximation is quite good on the time scale that we are interested in, where the phonon decay affects only slightly the nonequilibrium phonon distribution.
D. Set Of kinetic equations
As a starting point, let us introduce the set of kinetic variables, which describe the electron-phonon system within our structure. The carriers are described in terms of the various distribution functions corresponding to the difFerent QWR subbands,
while the phonon system is described in terms of the various occupation functions corresponding to the different phonon modes, f(I =d f u +d f I +G;i, (t Given the above set of kinetic variables, let us now introduce the corresponding set of kinetic equations. The physical process of interest can be qualitatively summarized as follows. In the presence of laser photoexcitation, when electrons are injected in the system with sufficiently high energy, they relax towards equilibrium mainly through the emission of polar-optical phonons. In turn, this rapid emission of phonons in a limited region of the total phase space increases the phonon occupancy n& x in such region, thus creating a nonequilibrium phonon distribution.
At this point the phonon distribution can relax toward equilibrium through two different channels.
Small wave-vector LO phonons can decay into acoustic phonons through anharmonic interaction, or they can be reabsorbed by the carrier distribution. As the decay time into acoustic phonons is relatively long -7 ps in GaAs at low temperature ' -both the electron and phonon systems relax jointly towards equilibrium within few picoseconds.
Within the standard semiclassical (Boltzmann) transport theory, this process can be analyzed in terms of a coupled system of Boltzmann-like equations describing the time evolution of the above set of kinetic variables. Here, we will not discuss the details of the derivation, which is similar to that contained in Ref. 29 for the case of a bulk semiconductor.
The resulting system of kinetic equations can be schematically written as where we have written the sum over the final states as a sum over the possible subbands and an integral over k . The integrals over q and k are eliminated using the 5 function of momentum and energy conservation, and the total scattering rate is given by
where k"'f =Qk +(2m'Iiii )(8, -6 ficoo), k' b= -+k"+(2m IR )(6'; -6 +@coo), and q f =k"k"'f, -
& correspond to the only two possible solutions of the energy-conserving 5 function, which are usually referred to as forward and backward scattering. The scattering rate is shown in Fig. 2 (solid line) and compared with that obtained from the dielectric continuum model' ' in which the contribution due to confined and interface phonons is accounted for separately (dashed and dotted line, respectively). As we can see, the total value of this more sophisticated model (dash-dotted line) is in excellent agreement with our simplified model. This confirms the validity of our model and of the "sum rule" for quantum wires.
2. Carrier-car rier scattering rate e a " . k k, ", = f dz f dy f dz' f dy'P, (y, z)P (y', z')P' (y, z)P"*(y',z')
f dy'P;(y, z)(()J(y', z')P* (y, z)P"'(y', z') Let us now evaluate the scattering rate for the two particle Coulomb interaction. By using the explicit form of the electron wave functions, the CC form factor for the case of a bare Coulomb interaction (no screening) can be written (27) where Eo is the zero integer-order Bessel function. Xg gf L, j.
where the factor -, ' in front of the integral accounts for the fact that the density of states is doubled in going from the k to the g space. By writing explicitly the energyconserving 6 function, we finally have
where q+ and q are the only possible wave vectors exchanged in the interaction:
where the sum over k ', has been eliminated using momen- Fig. 3(b) .
We must stress that these properties of the CC interaction in 1D systems follow from the use of the traditional semiclassical transport theory, where the interaction is described in terms of binary collisions within a singleparticle picture. If we make use of a full many-body simulation, the restrictions on energy and momentum conservation disappear because energy and momentum can be redistributed over all the carriers through the long range of the interaction. Nevertheless the effect of the real intrasubband many-body interaction is very weak and has a significant effect only on a time scale of hundreds of picoseconds, while, as we will see in our results, the intersubband binary scattering is already ", =((()*(y, )lv "lP;(y, )),
where effective on a subpicosecond time scale. The carrier-carrier interaction is actually screened by all the carriers in the system: the screened scattering rate can be simply computed using the screened potential instead of the bare one; the matrix element can then be written in a slightly different form as
is the potential representing the interaction with a particle in subband j that scatters in subband n. Within this formalism, the screened interaction can be written as Wf' = g e, '(q, m)V"",
where 8 ' is the screened potential and E, (q, co) is the inverse of the dielectric function of the system. For a quantum j, n wire, within the random-phase approximation (RPA), which has been proven to be quite accurate for such 1D systems, ' the dielectric function is given by E, ""(q,co)=5, 5 "l. ' (q, co-)y""(q,co),
An exact treatment of the screening in the Monte Carlo simulation is for the moment computationally not feasible. The distribution function changes very quickly during and after the laser excitation, and we would need to compute the dielectric matrix for each value of q and co and to invert it at every time step. We then use the static approximation (co =0) and a simplified approach for the inversion of the matrix. It is well known that the static limit approximation of the RPA is not completely accurate, nevertheless recent ultrafast experiments have shown that the error in this approach is not very large and limited to a time region of 100 -200 fs during the laser excitation. As previously seen, the intrasubband matrix elements are much bigger than the intersubband ones. Therefore, the latter ones can be neglected and the dielectric matrix reduces to a 2D matrix, which can be written as
The screened matrix element can be simply obtained dividing the unscreened one by the determinant of this matrix (see Appendix A for the derivation). Therefore, the screened scattering rate is still given by Eqs. (12) and (32), with the following substitution:
The function in the denominator is shown in Fig. 4 In general, these two approaches are not equivalent over the whole density range. However, even though the two methods scale with density in a different way, for relatively high densities they result to be quite close to each other. In particular, there is a given 1D density, in our case 6.6X10 cm ', for which both methods correspond to the same 3D density of 2.2X10' cm in the bulk.
We have then chosen to compare the two systems at this relatively high density and also at a very low one (n = 10 cm ' in the wire and n =3.3X10' cm~in the bulk).
For these low-density can n notice the two main effects of the intrasubband interaction: Fig. 5(a) Fig. 17(a) , the phonon population reaches its maximum after only 400 fs, while for the odd mode, Fig. 17(b) , the maximum is reached only after 1 ps. Since the intrasubband scattering rate is higher than the intersubband one, electrons tend to first cool within their subband, emitting even mode phonons, transferring then into lower subbands only at later times. ' '" For the same reason, also hot-phonon reabsorption is delayed for the odd modes and is less effective. In fact, in the quantum wire, as in higher-dimensionality systems, hot-phonon reabsorption is important only at small wave vectors as can be seen in Figs. 17(a) V11 ('q) X11 (Academic, Boston, 1989 ).
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